INTRODUCTION
============

RNA interference (RNAi) pathways regulate gene expression in diverse systems ranging from protozoans to humans and can function at the transcriptional or post-transcriptional levels ([@gkt717-B1; @gkt717-B2; @gkt717-B3; @gkt717-B4; @gkt717-B5]). Although details of these pathways are known in many eukaryotic model organisms, little is known about the mechanisms in protozoans. Key to the RNAi pathways in all organisms are small RNAs (sRNAs) that associate with Argonaute proteins to mediate sequence-specific gene silencing ([@gkt717-B6],[@gkt717-B7]). Many classes of sRNAs such as microRNAs, small interfering RNAs (siRNAs) and trans-acting siRNAs are generated by Dicer, an RNAseIII enzyme. Thus, these sRNAs have a 5′-monophosphate and 3′-hydroxyl structure typical of RNAseIII cleavage products. However, some sRNA biogenesis pathways function independent of Dicer processing, including Piwi-interacting sRNAs, which are shown to be specifically expressed in germ-line cells ([@gkt717-B7],[@gkt717-B8]) and secondary sRNAs in *Caenorhabditis elegans* and *Ascaris* ([@gkt717-B9; @gkt717-B10; @gkt717-B11]). In nematodes, secondary sRNAs are dependent on RNA-dependent RNA polymerase (RdRP) activity, are based on a mature mRNA template, harbor 5′-triphosphate termini, are of antisense (AS) polarity and associate with a distinct set of Argonaute proteins ([@gkt717-B9],[@gkt717-B11; @gkt717-B12; @gkt717-B13]). The only other system in which these sRNAs with 5′-polyphosphate termini are described is the protozoan parasite *Entamoeba histolytica* ([@gkt717-B14; @gkt717-B15; @gkt717-B16]).

*Entamoeba histolytica* is an important human pathogen causing diarrheal disease and liver abscesses with ∼50 million people with invasive disease worldwide ([@gkt717-B17]). Conserved elements of the eukaryotic RNAi pathway can be identified in *E. histolytica* including three genes with Piwi and PAZ domains (characteristic of Argonaute proteins) and two genes with RdRP domains ([@gkt717-B14],[@gkt717-B18],[@gkt717-B19]). Endogenous sRNAs have been identified in *E. histolytica*; an abundant 27-nt sRNA population associates with EhAgo2-2 and harbors properties similar to secondary sRNAs of *C. elegans* including their 5′-polyphosphate termini, AS nature and bias toward the 5′ ends of genes. Furthermore, the levels of these AS sRNAs correlate inversely with the mRNA expression of their cognate gene, suggesting a role in gene silencing ([@gkt717-B14]). Multiple RNAi-based methods of genetic manipulation have been developed in *E. histolytica* to achieve gene knockdown ([@gkt717-B20; @gkt717-B21; @gkt717-B22; @gkt717-B23]). Unfortunately, although promising, these approaches have difficulties in practical use as (i) the knockdown efficiency varies, (ii) not all genes appear to be amenable to silencing, (iii) the small hairpin RNA (shRNA) approach is labor intensive and (iv) reversal of gene silencing mediated by both double stranded RNA and shRNA has been reported ([@gkt717-B24]) \[W. A. Petri Jr. (personal communication)\]. Additionally, little is known about the mechanism(s) of how these sRNA approaches target the appropriate mRNA.

In this study, we analyzed the function of the secondary sRNAs in *E. histolytica.* We show for the first time that AS sRNAs directly mediate gene silencing. Our data demonstrate that a small portion of a gene-coding region to which large numbers of AS sRNAs map is sufficient to 'trigger' silencing of a gene fused to it. Gene silencing only occurred in *E. histolytica* strains in which sRNAs to the coding region trigger existed and was associated with the appearance of 27-nt AS sRNAs to the silenced gene. We adapted this method to trigger gene silencing of chromosomally encoded genes and achieved robust and specific gene knockdown for the highly expressed *E. histolytica* rhomboid protease (EhROM1) ([@gkt717-B25]), and additionally applied the technique to gain novel insights into the role of a putative Myb transcription factor in response to hydrogen peroxide (H~2~O~2~) stress. Analysis of the mechanism of silencing revealed that the newly generated AS sRNAs possess 5′-polyphosphate termini, map to introns indicating that they can be derived from nascent mRNA, are dependent on transcription of the trigger-gene fusion construct and persist after removal of the trigger plasmid, suggesting that an amplification pathway is initiated by the initial silencing plasmid.

We have successfully developed a new approach for robust gene knockdown in *E. histolytica*, which has many advantages over currently available technologies and will provide a crucial genetic tool for studying the virulence of this important human pathogen. More importantly, our data provide important new insights into novel aspects of a eukaryotic RNAi pathway and contribute to expanding our knowledge of RNAi in eukaryotes.

MATERIALS AND METHODS
=====================

Parasite culture, transfection, RNA and DNA isolation
-----------------------------------------------------

*Entamoeba histolytica* trophozoites (strains: HM-1:IMSS and Rahman) and *Entamoeba invadens* IP-1 were grown under standard conditions as previously published ([@gkt717-B26; @gkt717-B27; @gkt717-B28]). Parasites were transfected with 20 µg of DNA as described previously ([@gkt717-B29]). All lines used 6 µg/ml G418 unless otherwise stated. As needed, drug selection was removed and loss of plasmid was confirmed by testing the viability of parasites in 3 µg/ml G418. Transfection of *E. invadens* and luciferase assays were performed using a method published previously ([@gkt717-B30]). The sRNAs were isolated using the mirVana kit (Ambion) as previously published ([@gkt717-B14]). Phenol-chloroform extraction was done as previously described ([@gkt717-B29]), and DNA was isolated using the RNeasy Plant Mini Kit (Qiagen) and concentration was measured on Nanodrop.

Trigger gene selection
----------------------

The genes used for this study were selected *in silico* by comparing previously performed microarray analyses ([@gkt717-B26],[@gkt717-B27]) and two sequenced sRNA libraries from our laboratory, one for the virulent *E. histolytica* strain HM-1:IMSS and one for the non-virulent *E. histolytica* strain Rahman ([@gkt717-B16]). The sRNAs mapping to the genes were visualized using the Integrative Genomics Viewer tool ([www.broadinstitute.org/igv/](www.broadinstitute.org/igv/)). The genes were selected using the criteria (i) AS sRNAs in at least one strain, (ii) not expressed in the strain where AS sRNAs are present under any condition tested in the lab and (iii) active promoters.

Construct cloning
-----------------

All primers used for cloning in this study are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1). All constructs used the pKT3M vector as backbone ([@gkt717-B16]), restriction enzymes from New England Biolabs (NEB) were used and the final constructs were sequenced. For the luciferase assays the firefly luciferase gene was cloned into the pKT3M backbone by using the AvrII and XhoI restriction enzymes resulting in the promoter-less pKTluc backbone. The promoters of interest including 21 bp of each gene-coding region (EHI_048600, 480 bp upstream of the ATG; EHI_197520, 310 bp upstream of the ATG; EhSTIRP, 484 bp upstream of the ATG) were then cloned into the pKTluc backbone by using the HindIII and AvrII sites. Each trigger fragment was cloned in between the promoter and luciferase gene by using the AvrII site. The XhoI site was used to clone fragments in between the end (3′) of the luciferase gene and the CS3′ regulatory region. For these constructs, the stop codon was added at the end of the luciferase gene-trigger fragment fusion. For the stable cell line, the EHI_197520 trigger fragment was cloned in between the cysteine synthase (CS) promoter and the gene of interest by using the SmaI and AvrII sites. The *Renilla* luciferase gene was cloned into the pKTluc backbone using the HindIII and XhoI sites between the CS 5′ and CS 3′ regulatory regions.

Luciferase assays
-----------------

Luciferase assays were done in triplicate. Parasites were transfected as described previously ([@gkt717-B29]). Cells were harvested 20--22 h and re-suspended in lysis buffer complemented with protease inhibitors (luciferase assay system, Promega E1500, 1x *N*-acetyl-[l]{.smallcaps}-leucyl-[l]{.smallcaps}-leucyl-[l]{.smallcaps}-argininal, 1x HALT protein inhibitor cocktail, 1x E64) and protein concentration was measured by Bradford assay. Luciferase activity was measured by a luminometer (Monolight 2010). A total of 30 µg of protein was added to luciferase reagent (Promega) and relative light units were obtained. For *Renilla* luciferase measurements, the assay was performed as described earlier in the text and the Dual-Luciferase^R^ Reporter Assay System (Promega) according to the manufacturer's protocol to measure the *Renilla* luciferase subsequent to the firefly luciferase.

Northern blot analysis, terminator and capping assays
-----------------------------------------------------

All primers used for northern blotting in this study are listed in [Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1). High-resolution northern blot analysis was done according standard protocols; the amount of RNA used is stated in the figure legends ([@gkt717-B29]). Probe for EHI_118130 was as previously published ([@gkt717-B14]). Northern blot analysis was done using standard protocols ([@gkt717-B29]). Terminator and capping assays were done like previously described ([@gkt717-B14]) using 10 µg of sRNA-enriched RNA. For the terminator assay, the sample mixture was treated with terminator enzyme (Epicentre) following the manufacturer's protocol. For the capping assay, the ScriptCap m^7^G capping system (Epicentre) was used with a provided alternate cap zero capping protocol. After treatments, samples were resolved on a 12% polyacrylamide gel for sRNA northern blot analysis.

Reverse transcriptase PCR
-------------------------

All primers used for reverse transcriptase polymerase chain reaction (RT-PCR) in this study are listed in [Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1). RT-PCR was performed by standard protocol as previously described ([@gkt717-B29]). The negative control was split away as separate reaction after the initial DNAse digestions and treated as the other samples, but ddH2O was added instead of the reverse transcriptase.

Overexpression of EhMyb1 and immunofluorescence assays
------------------------------------------------------

The full-length coding region of EHI_197980 was obtained from genomic DNA using PCR (primer [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). PCR product was cloned into pKT3M, downstream of the cysteine synthase promoter and 3x myc tag (SmaI and XhoI restriction sites) and sequence verified. Overexpression of EHI_197980 was achieved by transfecting *E. histolytica* HM-1:IMSS as described earlier in the text. Myc-tagged EhMyb1 expressing amebae were imaged as described previously ([@gkt717-B31]). Expression and distribution were determined using α-myc antibody (1:1000) (Cell Signaling) and Alexa 488 α-mouse (1:1000) (Molecular Probes). Slides were prepared using Vectashield mounting medium with DAPI (Vector Laboratories, Inc).

Peroxide stress and viability assay
-----------------------------------

Parasites in log phase were incubated for 1 h at 37°C with 1 mM fresh H~2~O~2~. Cells were then put on ice for 7 min to completely detach from the tube and spun down. Cells were re-suspended in 300 µl of media and mixed 1:1 with Trypan blue immediately before counting on a light microscope. The experiment was performed each time in duplicate on three separate days.

RESULTS
=======

Antisense sRNAs target genes for silencing
------------------------------------------

We have recently shown that genes with large numbers of AS sRNAs have low mRNA abundance, suggesting a role for AS sRNAs in gene silencing ([@gkt717-B14; @gkt717-B15; @gkt717-B16]). To functionally investigate the role of AS sRNAs in regulation of gene expression, we selected genes that had variable mRNA and sRNA abundance in a strain-specific manner ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). This selection was based on microarray analyses ([@gkt717-B26],[@gkt717-B27]) and two sRNA libraries, one each for the virulent and non-virulent strains *E. histolytica* HM-1:IMSS and Rahman ([@gkt717-B16]). Genes were selected because they had different patterns of sRNA and gene expression in the *E. histolytica* strains HM-1:IMSS and Rahman. Specifically, genes selected were not expressed in the strain where AS sRNAs are present under any condition tested in the laboratory. For the *E. histolytica* HM-1:IMSS strain, extensive transcriptome data sets are available and used to find genes that lacked expression under oxidative or nitrosative stress ([@gkt717-B32]), heat shock ([@gkt717-B33]), histone acetylation ([@gkt717-B34]), DNA methylation ([@gkt717-B35]) or tissue invasion ([@gkt717-B25],[@gkt717-B36]). EHI_197520 had abundant sRNAs and low gene expression in the HM-1:IMSS strain, but no sRNAs and high gene expression in the Rahman strain. Conversely, EHI_025700 had abundant sRNAs and no gene expression in the Rahman strain but had no sRNAs and high gene expression in the HM-1:IMSS strain. And finally, EHI_048600 had sRNAs and no gene expression in both the HM-1:IMSS and Rahman strains ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). To exclude the possibility that the given genes have low mRNA levels due to low promoter activity, we determined the activity of the endogenous promoters by creating luciferase reporter gene constructs, and found that all three promoters are active and share sequence identity in both amebic strains (data not shown). To define the role of the gene-coding region, we investigated whether a 'trigger' region (portion of the coding region to which large numbers of AS sRNAs map) could regulate gene expression. We fused the first 132 bp of the EHI_197520 coding sequence, to which large numbers of AS sRNAs map ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)), in frame to the 5′ end of a luciferase reporter gene using either the endogenous promoter of the EHI_197520 gene or the highly active promoter of the CS gene ([Figure 1](#gkt717-F1){ref-type="fig"}A, [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). Using either promoter, the fusion of the 132-bp trigger fragment resulted in abrogation of reporter gene expression in the *E. histolytica* HM-1:IMSS strain, which contains abundant AS sRNAs to the EHI_197520 gene ([Figure 1](#gkt717-F1){ref-type="fig"}B). As a technical control, we used the *E. histolytica* Rahman strain, where no AS sRNAs are present to the EHI_197520 gene, and demonstrated that both fusion constructs were highly expressed. Thus, the 132 bp of the EHI_197520 gene serves as trigger to silence the luciferase gene in cell lines that have abundant AS sRNAs to the trigger but cannot induce silencing in the strain that lacks AS sRNAs to the trigger region. Similar analyses were performed for two additional genes: *EHI_025700* (or EhSTIRP) (large numbers of AS sRNAs in the Rahman strain but none in HM-1:IMSS) and EHI_048600 (large numbers of AS sRNAs in both Rahman and HM-1:IMSS strains) ([Figure 1](#gkt717-F1){ref-type="fig"}A, [Supplementary Figure S2A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1) and [C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). Results were consistent with those seen previously: the 132-bp trigger resulted in reporter gene silencing in a strain-specific manner, correlating with the presence of AS sRNAs to the gene in a given strain ([Figure 1](#gkt717-F1){ref-type="fig"}C and D). The trigger from EHI_048600 resulted in reporter silencing in both HM-1:IMSS and Rahman strains in accordance with the AS sRNAs being present in both strains. Recent RNA sequencing data showed that a conserved homologue to the EHI_048600 gene is expressed in *E. invadens* (Ehrenkaufer,G., Hall,N. and Singh,U., unpublished data). Therefore, *E. invadens* was used as a control strain, and both constructs were found to express well, indicating no technical issues with the fusion proteins ([Figure 1](#gkt717-F1){ref-type="fig"}D). Thus, fusion of a trigger region (to which large numbers of AS sRNAs map) to a reporter gene results in reporter silencing in a promoter-independent manner. Importantly, the three trigger regions used have sequence identity among the different *E. histolytica* strains (data not shown). Thus, the sequence of the trigger region itself does not provide either the ability or specificity for the trigger-fusion silencing. Instead, silencing is dependent on the presence of sRNAs to the trigger region in a given amebic strain. Figure 1.Fusion of the trigger to the luciferase coding region results in reporter gene silencing. Evaluation of the fusion constructs (outlined in [Figure 1](#gkt717-F1){ref-type="fig"}A and C) was performed by transient transfection and luciferase assays. Experiments were done in triplicate; average and standard errors are shown. For all experiments, the negative control has no luciferase expression. (**A**) Schematic of constructs used in this assay. The trigger was fused upstream of the luciferase-coding region and driven by either the endogenous promoter or the CS promoter. (**B**) The 132-bp trigger of EHI_197520 results in luciferase reporter silencing specifically in the *E. histolytica* HM-1:IMSS strain, where AS sRNAs to the trigger are present regardless of whether expression is driven by the endogenous or the CS promoter. The constructs are expressed well in the Rahman strain, where no AS sRNAs are present. (**C**) The 132-bp trigger of EHI_025700 (EHI_STIRP) results in luciferase reporter silencing specifically in the *E. histolytica* Rahman strain, where AS sRNAs to the trigger are present regardless of whether expression is driven by the endogenous or the CS promoter. The constructs are expressed well in the HM-1:IMSS strain, where no AS sRNAs are present. (**D**) The 132-bp trigger of EHI_048600 results in luciferase reporter silencing in both the *E. histolytica* HM-1:IMSS and Rahman strains, where AS sRNAs to the trigger are present regardless of whether expression is driven by the endogenous or the CS promoter. The constructs are expressed well in *E. invadens*. (**E**) An additional control the CS-luc control construct was transfected in HM-1:IMSS and Rahman, and expression levels were monitored.

Reporter silencing occurs independent of position of trigger fragment but is dependent on the amount of AS sRNAs to the trigger region
--------------------------------------------------------------------------------------------------------------------------------------

To determine whether location or origin of the trigger were important for gene silencing, we tested placement of trigger (at the 5′ or 3′ end of genes) and the region of the gene from which the trigger is derived (from the 5′ or 3′ end of coding regions). Fusion of the EHI_197520 trigger to the 3′ end of the luciferase gene resulted in reporter silencing, indicating that this mechanism of gene silencing is independent of the position of the trigger fragment ([Figure 2](#gkt717-F2){ref-type="fig"}A, [Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). To determine specificity of the trigger region, we used a 132-bp portion from the 3′ end of the EHI_197520 gene-coding region ([Figure 2](#gkt717-F2){ref-type="fig"}A, [Supplementary Figures S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1) and [S2D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). Transient transfection and luciferase reporter gene analysis revealed that this 3′ fragment (fused either to the 5′ or 3′ end of the luciferase reporter gene) could not induce gene silencing ([Figure 2](#gkt717-F2){ref-type="fig"}C). However, given that only few sRNAs map to this region, this lack of silencing could be because of low sRNA abundance. Thus, we extended the size of the trigger from the 3′ end of EHI_197520 to 450 bp (a region to which larger numbers of AS sRNAs map) ([Figure 2](#gkt717-F2){ref-type="fig"}A, [Supplementary Figures S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1) and [S2D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)); luciferase reporter analysis revealed that this fragment could induce gene silencing ([Figure 2](#gkt717-F2){ref-type="fig"}C). This indicates that the amount of AS sRNAs to a trigger may be a crucial element in the induction of gene silencing. To confirm the dependence of gene silencing on amount of AS sRNAs to the trigger region, we cloned a series of constructs, where we attached the first 48, 75, 102 or 132 bp of the EHI_197520 trigger region to its endogenous promoter ([Figure 2](#gkt717-F2){ref-type="fig"}A, [Supplementary Figure S2B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). We observed that increasing the size of the trigger reduced reporter gene expression ([Figure 2](#gkt717-F2){ref-type="fig"}B). All constructs expressed well in the Rahman strain where no AS sRNAs to the trigger fragments are present (data not shown). Taken together, the data suggest that (i) the trigger region can mediate gene silencing when placed at either the 5′ or 3′ end of a coding region, (ii) triggers from the 5′ or 3′ end of a gene are equally functional and (iii) the amount of sRNAs mapping to the trigger region is crucial in mediating gene silencing. Figure 2.Different lengths and position of the trigger to the luciferase-coding region results in reporter gene silencing. (**A**) Schematic of constructs used in this assay. (**B**) Different lengths of the EHI_197520 trigger were fused upstream of the luciferase-coding region. A 48-bp trigger does not silence luciferase, the 102-bp and 75-bp triggers significantly decreased luciferase expression and the 132-bp trigger resulted in complete silencing. (**C**) Evaluation of the fusion constructs where a trigger was fused either upstream or downstream of the luciferase-coding region. The first 132 bp of EHI_197520 trigger results in luciferase reporter silencing regardless of whether the trigger is fused up- or downstream of the luciferase gene. The last 132 bp of EHI_197520 trigger does not result in luciferase reporter silencing, regardless of whether the trigger is fused up- or downstream of the luciferase gene. The last 450 bp of EHI_197520 trigger results in luciferase reporter silencing when the trigger is fused upstream of the luciferase gene. All constructs with trigger luciferase are expressed well in the Rahman strain, where no AS sRNAs are present (data not shown).

Luciferase silencing is associated with the biogenesis of AS sRNAs to the reporter gene, which do not persist after plasmid removal
-----------------------------------------------------------------------------------------------------------------------------------

To investigate the mechanism of gene silencing more thoroughly, we generated a stable cell line in which the 132-bp trigger region of EHI_197520 was fused to the luciferase gene (cell line: 19-trigger-luc) ([Figure 3](#gkt717-F3){ref-type="fig"}A, [Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). In these parasites, the plasmid would be maintained episomally under G418 drug selection. Despite raising drug selection to 60 µg/ml G418, a concentration typically used to overexpress genes in *Entamoeba*, no luciferase expression could be detected (data not shown). To determine whether gene silencing was linked to sRNAs, we performed northern blot analysis and detected ∼27-nt AS sRNAs to the luciferase gene ([Figure 3](#gkt717-F3){ref-type="fig"}B). Figure 3.Fusion of the 132-bp trigger to the luciferase reporter gene results in generation of functional luciferase AS sRNAs. The 19-trigger-luc cell line is *E. histolytica* HM-1:IMSS parasites stably transfected with the plasmid containing the EHI_197520 trigger fused to luciferase. (**A**) Schematic of constructs used in this assay. (**B**) High-resolution northern blot of the 19-trigger-luc and untransfected (HM-1:IMSS) cell lines probed for luciferase AS sRNAs (90 µg of RNA enriched for sRNAs). AS sRNAs to the luciferase reporter gene were detected in abundance, which decreased substantially over time with drug removal. An abundant population of AS sRNA to the EHI_197520 trigger was detected, which increased in the 19-trigger-luc cell line. Loading control: sRNAs to EHI_118130. (**C**) Transient transfection of the 19-trigger-luc cell line with a luciferase reporter construct (CS-luc). The construct expresses well in the untransfected cell line but does not express in the 19-trigger-luc cell line. Ten days after drug release the CS-luc construct can be partially expressed, and 21 days after drug release a full recovery of CS-luc expression is observed. The values were normalized to a CS-Renilla-luc expression. Experiments were done in triplicate; average and standard errors are shown.

To test if the luciferase sRNAs could target an additional luciferase template for silencing, we transiently transfected the cell line with sRNAs to luciferase with a construct that expresses firefly luciferase ([Figure 3](#gkt717-F3){ref-type="fig"}A, [Supplementary Figure S2F](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). The CS-luc construct was silenced in the cell line where luciferase AS sRNAs were present, but was highly expressed in the wild-type cell line ([Figure 3](#gkt717-F3){ref-type="fig"}C). To test the stability of the silencing, we released the 19-trigger-luc cell line from drug selection, which resulted in loss of the trigger plasmid. There was increased expression of CS-luc in the cell lines after 10 days with no drug selection, which increased to full recovery of luciferase expression after 21 days of drug removal ([Figure 3](#gkt717-F3){ref-type="fig"}C). Concomitant with recovery of luciferase expression, northern blot analysis revealed substantial loss of AS sRNAs to the luciferase gene at 10 days and 21 days after drug removal ([Figure 3](#gkt717-F3){ref-type="fig"}B). These findings demonstrate that the sRNAs generated to the luciferase gene are functional and can silence genes both in *cis* and in *trans*, and that loss of the trigger plasmid results in loss of the sRNAs.

Biogenesis of functional AS sRNAs to an amebic gene
---------------------------------------------------

As we were successful in generating functional sRNAs and silencing a reporter gene, we proceeded to determine whether we could achieve gene knockdown of chromosomally encoded amebic genes. We chose EhROM1, a highly expressed single copy gene that is a known virulence factor involved in host--parasite interactions ([@gkt717-B25],[@gkt717-B29]). We fused the full-length coding region of EhROM1 to the EHI_197520 132-bp trigger fragment and generated a stable cell line (cell line: 19-trigger-ROM, [Figure 4](#gkt717-F4){ref-type="fig"}A). We confirmed presence of an ∼27-nt population of sRNAs to EhROM1 ([Figure 5](#gkt717-F5){ref-type="fig"}B). To determine if sense sRNAs to EhROM1 were also generated, we probed for these but could not detect any by northern blot analysis (data not shown). This result suggests that fusion to a trigger results in biogenesis of only AS sRNAs. Although deep sequencing would be needed to definitively make this statement, this result is consistent with and parallels patterns seen for the endogenous sRNA population. Figure 4.Triggering functional AS sRNAs to an amebic gene. *E. histolytica* HM-1:IMSS parasites stably transfected with the plasmid containing the EHI_197520 trigger fused to the full-length EhROM1 gene (cell line: 19-trigger-ROM). (**A**) Schematic of constructs used in this assay. (**B**) Untransfected and 19-trigger-ROM cell lines were transfected with a number of constructs including CS-luc (positive control) and pKT-luc (negative control). ROM trigger-luc and ROM-recoded trigger-luc constructs express well in the wild-type untransfected cell line. In the 19-trigger-ROM cell line, the ROM trigger-luc vector does not express, whereas the ROM-recoded trigger-luc vector expresses well. The values were normalized to a CS-Renilla-luc expression. Experiments were done in triplicate; average and standard errors are shown. **(C)** A wild-type untransfected cell line transfected with a ROM trigger-luc and pKTluc constructs worked as expected (a positive and negative control, respectively). A cell line stably transfected with 450-bp 3′19-trigger ROM did not express luciferase when transfected with ROM trigger-luc, whereas a no-promoter (nop) trigger-ROM cell line transfected with the same plasmid expressed well. The 19-trigger-ROM cell line when transfected with the ROM trigger-luc did not express luciferase. The values were normalized to a CS-Renilla-luc expression. Experiments were done in triplicate; average and standard errors are shown. Figure 5.Probing for functional AS sRNAs to the amebic gene. (**A**) Northern blot (10 µg of total RNA) probed for EhROM1 mRNA reveals absence of EHROM1 mRNA in the 19-trigger-ROM cell line. Control (EHI_118270) indicates equivalent mRNA in both lanes. (**B**) High-resolution northern blot analysis of 19-trigger-ROM and untransfected cell lines probed for EhROM1 AS sRNA (20 µg of enriched sRNA). An abundant population of AS sRNAs to the EhROM1 gene were detected, which persisted 2 and 3 months after drug release. Control (EHI_118130) indicates equivalent sRNA in all lanes. (**C**) Biochemical analysis of the EhROM1 AS sRNAs reveals that they are resistant to treatment with terminator enzyme and increase in size when treated with capping enzyme; both features are indicative of a 5′-polyphosphate structure. As a control a radioactively labeled 5′-monophosphate 18-mer (included in each lane) is degraded by terminator enzyme and does not increase in size when treated with capping enzyme (10 µg of enriched sRNA).

To address the functionality and specificity of the sRNAs to EhROM1, we designed two constructs: the first in which we used a portion of the EhROM1 coding region as a trigger fused to luciferase (ROM1-trigger luc); the second in which we used a portion of a recoded EhROM1 gene (with 66% DNA sequence identity, but unchanged amino acid sequence) as trigger fused to luciferase (ROM1 recoded trigger-luc) ([Figure 4](#gkt717-F4){ref-type="fig"}A, [Supplementary Figure S2E](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). We transiently transfected these constructs into the cell line 19-trigger-ROM, which contains sRNAs to EhROM1. We observed that the ROM1 trigger-luc construct was silenced by the EhROM1 sRNAs, confirming the functionality of the AS EhROM1 sRNAs ([Figure 4](#gkt717-F4){ref-type="fig"}B). In contrast, the ROM1 recoded trigger-luc construct was not silenced in the cell line with EhROM1 sRNAs, indicating that the specificity of the EhROM1 sRNAs being dependent on the nucleotide sequence but independent of the encoded amino acid sequence.

To investigate the mechanism of sRNA generation, we aimed to determine whether a trigger derived from the 3′ end of the EHI_197520 gene would induce generation of sRNAs. We fused a 450-bp portion of the 3′ region that was successful in transient luciferase reporter silencing ([Figure 4](#gkt717-F4){ref-type="fig"}A, [Supplementary Figure S2C](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1) and [D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)), to EhROM1 and generated a stable cell line ([Figure 4](#gkt717-F4){ref-type="fig"}A, [Supplementary Figure S2E](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). Transient transfection with the ROM1 trigger-luc construct revealed that functional EhROM1 sRNAs were generated in the 450-bp 3′ 19-trigger-ROM cell line ([Figure 4](#gkt717-F4){ref-type="fig"}C). This indicates that any portion of a gene that has abundant AS sRNAs can function as a trigger to induce the generation of AS sRNAs and subsequent gene silencing.

To determine whether transcription is needed for the trigger-induced silencing method, we generated a promoter-less construct (nop-19-trigger-ROM) and made stable cell lines expressing this construct. Transient transfection with the ROM1 trigger-luc construct revealed that luciferase was expressed and thus no EhROM1 AS sRNAs were generated from the nop-19-trigger-ROM cell line ([Figure 4](#gkt717-F4){ref-type="fig"}A and C, [Supplementary Figure S2E](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). This result suggests that the presence of the trigger DNA is not sufficient to induce sRNAs but that transcription of the trigger-fusion construct is needed for the generation of sRNAs and subsequent gene silencing. It has previously been observed that sRNAs map to open reading frames but are largely absent in surrounding intergenic regions ([@gkt717-B16]). The combined data indicate that sRNA generation occurs on an mRNA template, the presence of which limits the extent of sRNAs to transcribed regions and prevents spreading to adjacent genomic regions. In *C. elegans*, the secondary sRNAs are generated by an amplified RdRP dependent pathway where mRNA is targeted for amplification ([@gkt717-B37]); a similar pathway might be present in *E. histolytica*.

Robust knockdown of amebic genes by trigger-derived AS sRNAs
------------------------------------------------------------

To determine whether the functional sRNAs to EhROM1 could silence the endogenous copy of the gene, we determined the expression level of EhROM1 in the 19-trigger-ROM cell line. Using northern blot analysis, as well as RT-PCR, we found that the EhROM1 mRNA was undetectable and that robust gene knockdown was achieved ([Figure 5](#gkt717-F5){ref-type="fig"}A, [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). In addition, we performed RT-PCR for EhROM2, which has 56% sequence identity to EhROM1 and found that its mRNA level was unaffected, confirming that the gene silencing by the sRNAs is sequence specific. In the *E. histolytica* G3 cell line, coincidental gene silencing was linked to generation of sRNAs ([@gkt717-B15]), but the mechanism that triggered the silencing or generation of sRNAs was not apparent.

To determine whether silencing persists after loss of the trigger plasmid, we removed the EhROM1 knockdown cell line from drug selection. After 2 months, the parasites were susceptible to 3 µg/ml G418, indicating that the drug resistance plasmid was no longer present. However, despite loss of the trigger plasmid, EhROM1 mRNA silencing persisted ([Supplementary Figure S3A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1) and [B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt717/-/DC1)). In addition, EhROM1 sRNAs were maintained after 2 and 3 months ([Figure 5](#gkt717-F5){ref-type="fig"}B). This result is in contrast with what we observed with the luciferase gene, where loss of the plasmid resulted in loss of sRNAs and loss of silencing. The observation that despite loss of the trigger plasmid that sRNAs and silencing is maintained, indicates that the chromosomal copy of the EhROM1 gene may serve as a template for an amplification pathway in which EhROM1 sRNAs are continuously generated. We have continuously maintained a cell line which initially harbored the trigger-EhROM1 construct for up to 18 months without drug selection and monitored the continuous presence of sRNA to EhROM1 and silencing of EhROM1. This observation is similar to data from the G3 cell line, where silencing of genes and maintenance of sRNAs is stable despite loss of the initial plasmid ([@gkt717-B15]), indicating that similar mechanisms may be at play for long-term control of silencing.

Biochemical analysis of the EhROM1 AS sRNAs with terminator enzyme (a 5′ to 3′ exonuclease, which specifically cleaves 5′-monophosphate species) as well as capping enzyme (only caps di or tri-phosphate termini RNA) was performed to determine the 5′ structure of these sRNAs ([@gkt717-B14]). The EhROM1 AS sRNAs were not degraded by terminator enzyme and an increase in size was observed with the capping enzyme, whereas the control 5′-monophosphate 18-mer sample was appropriately degraded by terminator and did not increase in size with capping enzyme ([Figure 5](#gkt717-F5){ref-type="fig"}C). Thus, the EhROM1 AS sRNAs are 5′-polyphosphate species and thus similar to the 27-nt endogenous sRNA population in *E. histolytica* ([@gkt717-B14]). Based on the 5′ structural features, both the endogenous sRNAs to the trigger as well as the sRNAs generated as a result of trigger fusion, appear to be generated via a Dicer-independent pathway ([@gkt717-B9],[@gkt717-B14]).

Taken together, we successfully managed to silence the virulence factor EhROM1 in *E. histolytica* using a novel approach, which works through the generation of AS sRNAs to the target gene. The AS sRNAs have sequence specificity, persist after plasmid removal and have 5′-features indicative of a Dicer-independent generation mechanism. Some features of our new silencing approach are similar to that developed in the amebic G3 strain; however, our method offers some significant advantages: (i) the triggering event and trigger are known (in G3 the specific nucleotide sequence that induces the silencing is not absolutely clear), (ii) gene silencing can be initiated in a wild-type virulent strain (in contrast to the non-virulent G3 strain in which multiple genes are already knocked down) and (iii) the silencing method can be adapted for use in other *Entamoeba* strains and species. These features significantly advance the ability of genetic manipulation in ameba.

Knockdown of EhMyb1 reveals a role in protection against hydrogen peroxide stress
---------------------------------------------------------------------------------

To characterize EhMyb1 (EHI_197980), a putative transcription factor that was upregulated during H~2~O~2~ stress ([@gkt717-B32]), we tagged the protein with an N-terminal Myc tag. Protein localization to the parasite nucleus supports the hypothesis that EhMyb1 is a transcription factor ([Figure 6](#gkt717-F6){ref-type="fig"}A). We designed a 19-trigger-EhMyb1 construct and achieved robust gene knockdown in the *E. histolytica* HM-1:IMSS strain; silencing was associated with generation of an abundant population of sRNAs to the EhMyb1 gene ([Figure 6](#gkt717-F6){ref-type="fig"}B and C). As the EhMyb1 gene has an intron, we probed for AS sRNAs to the intronic region and found that they could be detected, indicating that the AS sRNAs can be generated from nascent transcript. This is similar to data from sequencing endogenous sRNA populations, where sRNAs were detected to introns as well as exon--exon junctions ([@gkt717-B16],[@gkt717-B38]). To determine the relative abundance of AS sRNAs along the gene, we probed for AS sRNAs at discrete locations and observed that AS sRNAs were most abundant at the 5′ portion of the gene, with a decrease in the 3′ portion of the gene (data not shown). We also probed for sense sRNAs but could not detect them (data not shown). Overall, the sRNAs generated by the trigger-gene fusion (abundant AS sRNAs biased to the 5′ end of a gene with 5′-polyphosphate termini and no detectable sense sRNAs) are highly similar to the endogenous 27-nt sRNA population in *E. histolytica* ([@gkt717-B14]). Figure 6.Gene knockdown of EhMyb1 reveals that AS sRNAs are generated to nascent transcript. (**A**) N-terminal Myc-tagged EhMyb has nuclear localization. (**B**) *E. histolytica* HM-1:IMSS parasites stably transfected with the plasmid containing the EHI_197520 trigger fused to the EhMyb1 gene (cell line: 19-trigger-Myb). RT-PCR for EhMyb1 in the 19-trigger-Myb cell line demonstrates the absence of EhMyb mRNA in the 19-trigger-Myb cell line. Control (EHI_199600) indicates equivalent mRNA in both lanes. (**C**) Northern blot of the 19-trigger-Myb cell line probed for EhMyb1 AS sRNAs reveals an abundant population of AS sRNA to the EhMyb1 gene. AS sRNAs that map to the intron of EhMyb1 were detected. Control (EHI_118130) indicates equivalent sRNA in both lanes (75 µg of enriched sRNA). (**D**) Viability assay of stress-treated parasites (1 h, 1 mM H~2~O~2~) revealed that EhMyb1 knockdown parasites had significantly decreased viability in response to stress.

Given that EhMyb1 was regulated by oxidative stress ([@gkt717-B32]), we further analyzed the EhMyb1 knockdown cell line for a phenotype in response to exposure to H~2~O~2~. A viability assay revealed a significantly reduced ability of the EhMyb1-silenced parasites to survive under H~2~O~2~ stress, indicating that EhMyb1 indeed has an important role in parasite stress response ([Figure 6](#gkt717-F6){ref-type="fig"}D). Given the nuclear localization of EhMyb1 and its role in promoting parasite survival under stress, further studies to more fully elucidate its role in amebic biology are warranted.

DISCUSSION
==========

The mechanisms of RNAi-mediated silencing are not well understood in non-model organisms. We describe a novel application of RNAi-based gene silencing in the single-celled eukaryote *E. histolytica*. We observe that Dicer-independent sRNA biogenesis is triggered by mRNA transcription of DNA fragments that have large numbers of endogenous sRNAs that map to them and that the sRNAs persist through an amplification mechanism independent of the initiating plasmid. Based on these insights, we have harnessed the robust silencing mediated by endogenous AS sRNAs to develop a new tool for genetic manipulation in *E. histolytica*. This new tool has many advantages to current methodologies in the system, including that it can be used in a virulent strain of *E. histolytica* and thus be used to study virulence-associated phenotypes, it does not require high levels of drug selection for initiation and it can be maintained long-term despite removal of drug pressure.

We have previously observed an inverse correlation of AS sRNA abundance and gene expression ([@gkt717-B14],[@gkt717-B15]). This finding indicated that AS sRNAs may be involved in gene silencing in *E. histolytica*, but no direct causal data were available. We now demonstrate that the use of a 132-bp trigger (to which endogenous AS sRNAs map) and fusion of this trigger to a gene, leads to gene silencing. Importantly, this gene silencing occurs only in amebic strains where AS sRNAs to the trigger are present and fusion of a gene to the trigger leads to generation of AS sRNAs to the fused gene.

Importantly, the trigger-mediated silencing was dependent on the presence of large numbers of AS sRNAs to the trigger region, but independent of the placement of the trigger to a fused gene (5′ or 3′) or to the portion of the gene from which the initial trigger was derived. Interestingly, the same DNA sequence could serve as a trigger in one *E. histolytica* strain, but not in another strain (if no endogenous sRNAs were present to the trigger sequence). A number of additional important insights into the mechanism of silencing were obtained (outlined in [Figure 7](#gkt717-F7){ref-type="fig"}). The sRNAs generated by this mechanism have 5′-polyphosphate termini, are 5′ biased, can be generated on nascent transcript, have sequence specificity, require transcription of the trigger-gene fusion and are maintained despite loss of the initial trigger-gene plasmid. Importantly, the generation of functional AS sRNAs occurs regardless of whether the silenced gene has a chromosomal copy (i.e. sRNAs are generated to both luciferase and EhROM1 and both genes are silenced using this mechanism). However, the maintenance of sRNAs after loss of the episomal plasmid is strikingly different: genes with a chromosomal copy have long-term persistence of sRNAs and gene silencing, whereas for genes without a second chromosomal copy (i.e. luciferase) the sRNAs rapidly disappear after removal of the trigger plasmid. The persistence of sRNAs and gene silencing despite loss of the initiating plasmid suggests that the chromosomal locus is able to maintain sRNA production and amplification. Whether this amplified silencing process can be initiated for all genes or can occur from a second episomal copy is not currently known. Figure 7.Schematic of siRNA trigger-mediated silencing in *E. histolytica*. (**A**) Functional sRNAs are generated to the reporter gene fused to the trigger and the construct is silenced by these sRNAs. sRNAs are lost after plasmid removal. (**B**) Functional sRNAs are generated to an amebic gene fused to the trigger, which silence the endogenous gene and exogenous constructs with sequence identity to the silenced gene. The sRNAs and gene silencing remain after plasmid removal. (**C**) No functional sRNAs are generated if a promoter does not drive the trigger fusion construct.

One question is what determines the boundaries of sRNAs and prevents the amplification pathway from being rampant in the genome. We have previously identified that sRNAs in *E. histolytica* are enriched on coding regions, rather than intergenic regions and that they are likely templated on both nascent and mature transcript ([@gkt717-B16]). Structural features indicate that these AS sRNAs are generated independent of Dicer processing, and instead are likely from an RdRP-dependent pathway similar to the secondary siRNA pathway in *C. elegans* ([@gkt717-B9],[@gkt717-B12],[@gkt717-B37],[@gkt717-B39]). In *C. elegans*, the generation of secondary sRNAs is RdRP dependent and depends on the presence of mRNA and the precedent generation of Dicer-derived primary siRNAs ([@gkt717-B37]). The factors that limit the extent of amplified gene silencing were recently defined in *C. elegans* with the demonstration that the primary siRNAs can act as triggers but not as templates, which may attenuate RdRP-dependent amplification to avoid indefinitely amplified silencing ([@gkt717-B37]). It is unknown if the *E. histolytica* pathway also depends on the precedent generation of primary siRNAs because despite extensive efforts, no canonical Dicer has been identified (Pompey,J.M. and Singh,U., unpublished data) and our sequencing efforts have so far failed to detect a clear population of primary sRNAs with typical Dicer-derived features.

The effects of the sRNAs on the silenced genomic loci are not known and dissecting the mechanism(s) is an important area of future investigation. In the epigenetic transcriptional gene silencing mechanism that has been described in the *E. histolytica* G3 strain ([@gkt717-B40]), gene silencing is dependent on a significant change in the level of histone methylation (H3K4) at the silenced gene loci and associated with an abundant presence of AS sRNAs to the silenced genes ([@gkt717-B15]). The persistence of gene silencing despite removal of the silencing plasmid, noted in both the G3 strain as well as in our trigger silencing approach, suggests that changes in genomic loci might play a crucial role in the ability of sRNAs to silence specific genomic loci in *E. histolytica*. The phenomenon is also reminiscent of the RNA-directed DNA methylation pathways in plants where DNA methylation through DNA methyltransferase depends on the biogenesis of 24-nt siRNA by RdRP and leads to *de novo* cytosine DNA methylation ([@gkt717-B41; @gkt717-B42; @gkt717-B43]). Studies in organisms ranging from the fission yeast *Schizosaccharomyces pombe* to *Drosophila melanogaster* and *Tetrahymena thermophila* have found that non-coding RNAs function in the assembly and function of heterochromatin ([@gkt717-B44]). In the fission yeast *S. pombe*, it was shown that RNA-induced initiation of transcriptional gene silencing contains Dicer-generated siRNAs, which are also required for heterochromatic silencing. The deletion of RNAi-related genes leads to loss of heterochromatic gene silencing, highly reduced H3K9 methylation at centromeric repeats and accumulation of non-coding RNAs ([@gkt717-B44],[@gkt717-B45]). Another study in *S. pombe* shows that RNA-induced initiation of transcriptional gene silencing tethering to silenced chromosomal domains is essential for transcriptional and post-transcriptional silencing and for the generation of additional siRNAs for heterochromatin assembly. Also, Rdp1 was shown to be an essential component of this self-enforcing RNAi loop and was also given a critical role for its RdRP activity in siRNA production necessary for heterochromatin formation ([@gkt717-B46],[@gkt717-B47]). Thus, studies to determine whether there is a direct link between sRNAs and DNA modification are of high interest in *E. histolytica*. Going forward, it will also be interesting to determine whether some genes and genomic regions are resistant to the sRNA-mediated silencing approach we have developed and if so, the mechanism(s) of this resistance.

We describe a novel gene knockdown technique in *E. histolytica* as well as present mechanistic insights into a eukaryotic RNAi pathway that shows distinct features from RNAi pathways in model systems. We observed that the *E. histolytica* relies on an amplified sRNA pathway that offers a reliable system for sRNA-dependent gene knockdown. Taken together, this study opens important avenues for further investigation of a novel eukaryotic RNAi pathway, presents a simple technique on how to apply this RNAi pathway in *E. histolytica* genetic manipulation and overall sheds insight into the broad diversity of RNAi-based gene silencing in eukaryotes.
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